We theoretically propose a wide-angle, polarization-independent, and broadband nearly perfect absorber, which consists of an array of concentric multisplit circular rings on top of dielectric spacer and a metallic mirror. The numerical simulation results show that the average absorption reaches 97.2% over the wavelength range from 585 to 800 nm whatever the polarization angle is. Meanwhile, the absorber keeps high absorption efficiency when the incidence angle is below 45°. The physical mechanism is analyzed by calculating the absorbed power spectra and electromagnetic field distribution. The broadband and the high absorption mainly result from the strong electromagnetic resonance and overlapping of resonant frequencies. Our proposed plasmonic absorbers have potential applications in spectral imaging, photodetector, solar energy, and so on.
Introduction
Metamaterials are the artificially engineered materials made from subwavelength metal or dielectric structures which can exhibit novel properties that are not found in nature, such as negative refractive index [1] , invisibility [2] , and perfect absorption [3] . Up to now, series of metamaterial absorbers have been designed and demonstrated to be able to absorb electromagnetic waves across the spectrum from microwave to optical region [3] - [7] , since the first perfect absorber based on metamaterials was reported by Landy et al [3] . Due to the remarkable advantages of the nearly perfect absorption, metamaterial absorbers can be widely used in light harvesting [8] , thermal emitters [9] , spectral filtering [10] , plasmonic sensors [11] - [13] , and so on. It is known that the typical electromagnetic absorber can be constructed based on the metal-dielectric-metal structure [14] , which consists of patterned metallic subwavelength structure on the top of dielectric spacer, backed by an optically thick metallic film. The top layer, which is also referred to as a resonator, is mainly responsible for the electromagnetic response of the absorber. The middle dielectric layer usually acts as a role of cavity, which determines position of the resonance absorption peak. The ground metallic film ensures the light cannot be completely transmitted. However, most of the reported absorbers suffer from common drawbacks, such as narrow bandwidth and The ring radius r 1 = 52 nm, r 2 = 90 nm, r 3 = 137 nm, the width of each ring is d = 21 nm, the crack ω of each ring is 4°, the thickness of top layer is h 1 = 20 nm, and the thickness of middle layer and the ground layer are h 2 = 90 nm and h 3 = 100 nm, respectively. polarization-dependent, which greatly limits some practical applications, such as broadband modulator, broadband antireflection coating. To overcome the above disadvantages, dual-band [15] , multi-band [14] , and broadband absorber [16] - [19] were suggested and demonstrated theoretically and experimentally in the past few years. However, it is quite challenging to achieve broadband absorption in contrast to narrowband perfect absorption. In recent years, several schemes have been developed to achieve broadband perfect absorbers by using patterned metallic grating on dielectric [20] , hyperbolic metamaterial tapers [19] , [21] , [22] , multiple thin-metal-dielectric stack configuration [23] , and large-area, ultrathin lossy metallic film [24] , [25] , etc. Among these schemes, some of them usually suffer from a complicated fabrication process or a limited absorption bandwidth. Therefore, it has been an important research topic to realize an easily prepared absorber with broadband polarization-independent, wide-angle nearly perfect absorption behavior in the visible region.
In this paper, we propose a novel electromagnetic absorber with broadband polarizationindependent and wide-angle nearly perfect absorption behavior. The building block simply consists of an array of concentric multi-split circular rings on top of dielectric spacer and a metallic mirror. The numerical simulation results show that the absorption efficiencies are congruously beyond 92% in the wavelength range from 585 nm to 800 nm. Meanwhile, the absorber keeps high performance when the incidence angle is below 45°and allows for polarization insensitive due to the symmetry. Also, the absorbed power spectra and electromagnetic field distribution are analyzed for understanding the absorption mechanism. The analysis shows that strong electromagnetic resonant coupling and overlapping of resonant frequencies in multi-rings result in the nearly perfect broadband absorber. Our proposed electromagnetic absorbers provide us more flexible designs and wider working frequencies, and have potential applications in spectral imaging, photodetector and solar cells.
Structures Design and Simulation Method
The illustration of the proposed broadband polarization-independent absorber is shown in Fig. 1(a) , which consists of a dielectric layer (SiO 2 ) sandwiched between two metal (Au). The top metal layer is an array of concentric multi-split circular rings, and the bottom metal layer is a continuous ground plate. The related geometric parameters of the unit cell are labelled in Fig. 1(b) . Based on the Finite-Difference Time Domain (FDTD) method [26] , the proposed absorber was calculated and optimized numerically. In all simulation, periodic boundary conditions were set in the x-and y-axis, and perfectly matched layer boundary condition was used along z-axis. The refractive index of dielectric layer is 1.45, and the optical parameter of the metal gold was taken from Johnson and Christy [27] . Here we assumed the sources were the plane wave, which was normally incident onto the structure. The spectral absorption (A) of the absorber can be obtained by A = 1 − R − T , where the R and T represents reflection and transmission, respectively. Due to the existence of bottom continuous metal layer (100 nm), the transmission through the proposed structure can be decreased to zero. Therefore, the absorption A is reduced to A = 1 − R . The incident light is along the opposite direction of z-axis with TE polarization.
Results and Discussion
In order to obtain a broadband nearly perfect absorber, we firstly calculated the absorption spectra of the model I and model II, respectively, in which the top layer of the unit cell consists of one multi-split circular ring, as shown in Fig. 1(a) . The outer radius of the multi-split circular ring in model I is 90 nm, and the outer radius of the multi-split circular ring in model II is 136 nm. Each crack of the split ring is 4°, and the ring width is 21 nm. The simulation result shows that there are three resonant absorption peaks at 660 nm, 750 nm and 775 nm for the model I as indicated by the orange curve in Fig. 2(a) . The absorption efficiency is ∼85% except for the peak at the wavelength of 660 nm. However, the performance further decreases with increasing of the outer radius of the multi-split circular ring as indicated by model II. Interestingly, the absorption performance has an obvious improvement when the Model I and Model II are combined into one structure named Model III, in which the unit cell of the top layer consists of two concentric multi-split circular rings as shown in Fig. 2(b) . From Fig. 2(b) , one can see that the resonant absorption peak at the wavelength of 660 nm keeps almost unchanged except for the increasing of absorption efficiency comparing with the case of model I. Meanwhile, a nearly perfect plasmonic absorber is achieved nearby the wavelength of 770 nm, and the absorption efficiency is ∼99%.
However, one can find from the above designed plasmonic absorber that the absorption bandwidth is limited although the absorption efficiency reaches over 90% at the range of 750 nm ∼780 nm. In reality, the bandwidth plays an important role in some applications, such as solar energy utilization, terahertz imaging, and so on. Therefore, to achieve a nearly perfect broadband absorber, the model IV consisting of a dielectric layer sandwiched between two metal (Au) was finally proposed, in which three concentric multi-split circular rings in a unit cell were deposited on the top layer comparing with the model III. The outer radius of the inner ring is 52 nm as indicated by the inset in Fig. 3(a) and the other parameters keep the same with the model III. The model IV and its corresponding absorption spectrum are depicted in Fig. 3(b) . From Fig. 3(b) , one can clearly see that a broadband absorption spectrum is obtained due to the interaction of electromagnetic wave with the intriguing plasmonic structure. To understand the effect of the inner ring in model IV, the absorption spectrum for the structure with only one inner ring in a unit cell was also plotted together with the absorption spectrum of model III in Fig. 3(a) . It can be seen from Fig. 3(a) there are two absorption peaks (corresponding to the wavelength of λ 3 and λ 4 , respectively) in the absorption spectrum shown by the pink curve for this structure. Interestingly, the absorption spectrum of the model III was obviously broadened, especially in the visible region. What is more, the absorption efficiencies for both structure models are improved due to the constructive interference effect. As a result, a broadband nearly perfect plasmonic absorber is eventually constructed by model IV. From Fig. 3(b) , one can see that the plasmonic absorber exhibits a broadband absorption spectrum, in which the average absorption efficiency reaches 97.2% over the wavelength range from 585 nm to 800 nm, and two nearly perfect absorption peaks appear at 616 nm and 660 nm with magnitude of 99.6% and 99.4%, respectively.
To gain further insights of the physical mechanism for the nearly perfect broadband plasmonic absorber, we calculated in Fig. 4 the distributions of electromagnetic field (electric field and magnetic field) as well as the absorbed power spectra at the absorption peaks λ 3 = 616 nm, λ 4 = 660 nm and λ 5 = 780 nm labelled in Fig. 3(b) , separately. The formula of absorbed power spectra is defined as P abs = 1 2 ωε |E |, where ω is the angular frequency, ε is the imaginary part of the permittivity and E is the total electric field. One can see from Fig. 4(a1) that the electric field mainly concentrates near the crack of the inner split-ring, while the magnetic field mainly concentrates on the side of the inner split-ring as shown in Fig. 4(a2) , and the absorbed power mainly concentrates on the inner split-ring in Fig. 4(a3) at the resonant wavelength of 616 nm due to the electromagnetic field excitation, which is symmetrical about the y-axis due to the y-polarization of the electric field. At the wavelength of 660 nm, it is easily found from Fig. 4(b1) that the electric field concentrates near the cracks of both inner split-ring and middle split-ring. However, the magnetic field distribution does not only concentrate on the surface of the inner split-ring and middle splitring, but also in the crack of the inner split-ring as shown in Fig. 4(b2) . Meanwhile, there exists a strong magnetic resonant coupling between inner ring and middle ring, which gives rise to a resonant absorption enhancement as illustrated in Fig. 4(b3) . Furthermore, one can clearly see from Fig. 4(c1) that the electric field mainly concentrates on the cracks of the middle split-ring and the outer split-ring, while the magnetic field mainly concentrates on two side of the middle split-ring Fig. 4 . Distributions of electric field (a1-c1), magnetic field(a2-c2) and the absorbed power spectra (a3-c3) for the proposed plasmonic absorber at the resonant wavelength λ 3 = 616 nm (a1-a3), λ 4 = 660 nm (b1-b3), and λ 5 = 780 nm (c1-c3), separately. and the inner side of the outer split-ring as shown in Fig. 4(c2) . As a result, the absorbed power mainly concentrates on the middle split-ring and outer split-ring due to the effect of strong magnetic resonant coupling between middle split-ring and outer split-ring at the wavelength of 780 nm as shown in Fig. 4(c3) . Therefore, one can conclude that both strong electromagnetic resonant coupling and overlapping of resonant frequencies in multi-rings result in the nearly perfect broadband absorber.
Finally, it should be reminded that the electromagnetic wave is assumed to be normally incident, and the polarization of the electric field is along the y-axis (TE polarization) in the above discussion. However, the angle of incidence and polarization need to be considered in the practical applications. Therefore, we further investigate the characteristics of the proposed nearly perfect plasmonic absorber by changing the incident angle θ and polarization direction θ as shown in Fig. 5 . From  Fig. 5(a) , one can see that there is almost no change for the absorption spectra when the polarization direction is rotated by an azimuthal angle θ (θ = 0
• ∼ 90 • ), which implies the absorber is polarization-independent due to the structure symmetry. The average absorption is 97.2% over the wavelength range from 585 nm to 800 nm. Fig. 5(b) shows the absorption spectra versus different incident angles θ. When the angle of incidence is swept from 0°to 45°, the average absorption is switched from 97.2% to 93.3% over the wavelength range from 585 nm to 800 nm. As a result, the absorption spectra do not have an obvious change, which signifies the absorber has the property of insensitive polarization. In short, the proposed plasmonic absorber in this paper is a broadband polarization-independent and wide-angle nearly perfect absorber in the visible and near-fared regime. 
Conclusions
In conclusion, we theoretically proposed a broadband nearly perfect absorber which consists of a dielectric layer sandwiched between two metal. The top metal layer is an array of concentric multi-split circular rings, and the bottom metal layer is a continuous ground plate. The broadband and the high absorption mainly result from the strong electromagnetic resonance and overlapping of resonant frequencies. It is also demonstrated that the absorber keeps high performance when the incidence angle is below 45°and allows for polarization insensitive due to the symmetry. Our proposed plasmonic absorber may have potential applications in spectral imaging, photodetector and solar cells.
